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(57) ABSTRACT 

According to one embodiment of the present invention, an 
integrated circuit including a plurality of memory cells is 
provided. Each memory cell includes a resistivity changing 
memory element Which includes a top electrode, a bottom 
electrode, and resistivity changing material being disposed 
between the top electrode and the bottom electrode. Each 
resistivity changing memory element is at least partially sur 
rounded by a thermal insulating structure. The thermal insu 
lating structures are arranged such that the dissipation of heat 
generated Within the resistivity changing memory elements 
into the environment of the resistivity changing memory ele 
ments is loWered. 
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INTEGRATED CIRCUIT, METHOD OF 
MANUFACTURING AN INTEGRATED 
CIRCUIT, AND MEMORY MODULE 

BACKGROUND 

[0001] Integrated circuits including memory cells are 
known. It is desirable to improve the performance of such 
integrated circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0002] In the drawings, like reference characters generally 
refer to the same parts throughout the different VieWs. The 
draWings are not necessarily to scale, emphasis instead gen 
erally being placed upon illustrating the principles of the 
invention. In the folloWing description, Various embodiments 
of the invention are described With reference to the folloWing 
draWings, in Which: 
[0003] FIG. 1 shoWs a schematic VieW ofa part of an inte 
grated circuit including thermal select magneto-resistive 
memory cells according to one embodiment; 
[0004] FIG. 2 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell 
according to one embodiment; 
[0005] FIG. 3 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0006] FIG. 4 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0007] FIG. 5 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0008] FIG. 6 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0009] FIG. 7 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0010] FIG. 8 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0011] FIG. 9A shoWs a schematic cross-sectional VieW of 
a part of a thermal select magneto-resistive memory cell of an 
integrated circuit according to one embodiment; 
[0012] FIG. 9B shoWs a schematic cross-sectional VieW of 
a part of a thermal select magneto resistive memory cell 
according to one embodiment; 
[0013] FIG. 10 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell 
according to one embodiment; 
[0014] FIG. 11 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell 
according to one embodiment; 
[0015] FIG. 12 shoWs a schematic cross-sectional VieW of a 
part of a thermal select magneto-resistive memory cell 
according to one embodiment; 
[0016] FIG. 13 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0017] FIG. 14 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
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[0018] FIG. 15 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0019] FIG. 16 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0020] FIG. 17 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0021] FIG. 18 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0022] FIG. 19 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0023] FIG. 20 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0024] FIG. 21 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0025] FIG. 22 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0026] FIG. 23 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0027] FIG. 24 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0028] FIG. 25 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0029] FIG. 26 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0030] FIG. 27 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0031] FIG. 28 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0032] FIG. 29 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0033] FIG. 30 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0034] FIG. 31 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0035] FIG. 32 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0036] FIG. 33 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0037] FIG. 34 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0038] FIG. 35 shoWs a schematic cross-sectional VieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
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[0039] FIG. 36 shows a schematic cross-sectional vieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0040] FIG. 37 shoWs a schematic cross-sectional vieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0041] FIG. 38 shoWs a schematic cross-sectional vieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0042] FIG. 39 shoWs a schematic cross-sectional vieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0043] FIG. 40 shoWs a schematic cross-sectional vieW of a 
manufacturing stage of a method of manufacturing an inte 
grated circuit according to one embodiment; 
[0044] FIG. 41 shoWs a schematic perspective vieW of an 
integrated circuit including magneto-resistive memory cells 
according to one embodiment; 
[0045] FIG. 42 shoWs a circuit usable in conjunction With 
the integrated circuit shoWn in FIG. 41; 
[0046] FIG. 43A shoWs a schematic perspective vieW of a 
memory module according to one embodiment; 
[0047] FIG. 43B shoWs a schematic perspective vieW of a 
memory module according to one embodiment; 
[0048] FIG. 44 shoWs a schematic cross-sectional vieW of a 
phase changing memory cell according to one embodiment; 
[0049] FIG. 45 shoWs a schematic vieW of a memory device 
including resistivity changing memory cells according to one 
embodiment; 
[0050] FIG. 46A shoWs a schematic cross-sectional vieW of 
a carbon memory cell in a ?rst memory state according to one 

embodiment; 
[0051] FIG. 46B shoWs a schematic cross-sectional vieW of 
a carbon memory cell in a second memory state according to 
one embodiment; 
[0052] FIG. 47A shoWs a schematic vieW of a resistivity 
changing memory cell according to one embodiment; and 
[0053] FIG. 47B shoWs a schematic vieW of a resistivity 
changing memory cell according to one embodiment. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0054] According to one embodiment of the present inven 
tion, an integrated circuit comprising a plurality of memory 
cells is provided, each memory cell including a resistivity 
changing memory element Which includes a top electrode, a 
bottom electrode, and resistivity changing material being dis 
posed betWeen the top electrode and the bottom electrode, 
Wherein each resistivity changing memory element is at least 
partially surrounded by a thermal insulating structure. 
[0055] According to one embodiment of the present inven 
tion, the thermal insulating structures are arranged such that 
the dissipation of heat generated Within the resistivity chang 
ing memory elements into the environment of the resistivity 
changing memory elements is loWered. 
[0056] According to one embodiment of the present inven 
tion, the thermal insulating structures are arranged such that 
the strengths of heating currents Which are driven through the 
resistivity changing memory elements before sWitching the 
memory states of the resistivity changing memory elements 
can be decreased. 

[0057] According to one embodiment of the present inven 
tion, the thermal insulating structures are arranged such that 
the time period during Which a sWitching of the memory 
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states of the resistivity changing memory elements is possible 
after having driven heating currents through the resistivity 
changing memory elements can be increased. 
[0058] According to one embodiment of the present inven 
tion, the lateral dimensions of the top electrodes are loWer 
than the lateral dimensions of parts of the resistivity changing 
memory elements located beloW the top electrodes, or the 
lateral dimensions of the bottom electrodes are loWer than the 
lateral dimensions of parts of the resistivity changing memory 
elements located above the bottom electrodes. 
[0059] According to one embodiment of the present inven 
tion, the thermal insulating structures cover at least a part of 
the top surfaces of material layers of the resistivity changing 
memory elements Which are contacted by the top electrodes, 
or cover at least a part of the bottom surfaces of material 
layers of the resistivity changing memory elements Which are 
contacted by the bottom electrodes. 
[0060] According to one embodiment of the present inven 
tion, the thermal insulating structures surround at least a part 
of the side surfaces of the top electrodes, or surround at least 
a part of the side surfaces of the bottom electrodes. 
[0061] According to one embodiment of the present inven 
tion, the lateral dimensions of the top electrodes or of the 
bottom electrodes are loWer than 1F. 

[0062] According to one embodiment of the present inven 
tion, the thermal insulating structures cover at least a part of 
the side surfaces of the resistivity changing memory ele 
ments. 

[0063] According to one embodiment of the present inven 
tion, the thermal insulating structures include or consist of air 
gaps. 
[0064] According to one embodiment of the present inven 
tion, the thermal insulating structures include or consist of 
insulating material. 
[0065] According to one embodiment of the present inven 
tion, the thermal insulating structures include or consist of 
loW-k material. 
[0066] According to one embodiment of the present inven 
tion, the space betWeen the thermal isolation structures of 
different resistivity changing memory elements is ?lled With 
an inter layer dielectric. 

[0067] According to one embodiment of the present inven 
tion, the resistivity changing memory elements are thermal 
select magneto-resistive memory elements. 
[0068] According to one embodiment of the present inven 
tion, the resistivity changing memory elements are phase 
changing memory elements. 
[0069] According to one embodiment of the present inven 
tion, an integrated circuit including a plurality of memory 
cells is provided, each memory cell including a resistivity 
changing memory element Which includes a top electrode, a 
bottom electrode, and resistivity changing material being dis 
posed betWeen the top electrode and the bottom electrode, 
Wherein the space betWeen different resistivity changing 
memory elements is ?lled With thermal insulating material. 
[0070] According to one embodiment of the present inven 
tion, a method of manufacturing an integrated circuit is pro 
vided, the method including forming a plurality of memory 
cells, each memory cell including a resistivity changing 
memory element Which includes a top electrode, a bottom 
electrode, and resistivity changing material being disposed 
betWeen the top electrode and the bottom electrode, Wherein 
the integrated circuit is manufactured such that each resistiv 
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ity changing memory element is at least partially surrounded 
by a thermal insulating structure. 
[0071] According to one embodiment of the present inven 
tion, a stack of layers including a resistivity changing material 
layer is formed; the stack of layers is patterned into a plurality 
of resistivity changing memory element stacks; a plurality of 
spacers is formed, each spacer covering the side Walls of one 
resistivity changing memory element stack; the space 
betWeen different spacers is ?lled With insulating material; 
and the spacers are removed in order to generate trenches 
betWeen the resistivity changing memory elements and the 
insulating material. 
[0072] According to one embodiment of the present inven 
tion, liquid material is ?lled into at least the loWer parts of the 
trenches; the upper parts of the trenches are ?lled With trench 
?lling material; and a temperature treatment is carried out 
Which causes the liquid material to diffuse out of the trenches. 
[0073] According to one embodiment of the present inven 
tion, the upper parts of the trenches are ?lled With trench 
?lling material using a non-conformal deposition process. 
[0074] According to one embodiment of the present inven 
tion, the folloWing processes are carried out: forming a stack 
of layers including a resistivity changing material layer; 
forming a sacri?cial layer on the stack of layers; patterning 
the sacri?cial layer in order to form a contact hole; depositing 
a ?rst layer on the patterned surface of the sacri?cial layer; 
removing a part of the ?rst layer covering the top surface of 
the stack of layers, and depositing a second layer on the 
patterned surface of the sacri?cial layer such that the contact 
hole is ?lled With second layer material. 
[0075] According to one embodiment of the present inven 
tion, the ?rst layer includes or consists of insulating material, 
and the second layer includes or consists of conductive mate 
rial, or vice versa. 

[0076] According to one embodiment of the present inven 
tion, the folloWing processes are carried out: removing the 
?rst layer and the second layer until the top surface of the 
sacri?cial layer is exposed; removing the sacri?cial layer; and 
using the remaining parts of the ?rst layer and the second 
layer as a mask for patterning the stack of layers. 
[0077] According to one embodiment of the present inven 
tion, a spacer is formed after having already patterned an 
upper part of the stack, Wherein the spacer covers the side 
surfaces of the ?rst layer, and Wherein the structure thus 
obtained is used as a mask for patterning the stack of layers 
Which has not been patterned so far. 
[0078] According to one embodiment of the present inven 
tion, a memory module including at least one integrated cir 
cuit is provided, the integrated circuit including a plurality of 
memory cells, each memory cell including a resistivity 
changing memory element Which includes a top electrode, a 
bottom electrode, and resistivity changing material being dis 
posed betWeen the top electrode and the bottom electrode, 
Wherein the space betWeen different resistivity changing 
memory elements is ?lled With thermal insulating material. 
[0079] According to one embodiment of the present inven 
tion, the memory cells are magneto-resistive memory cells. 
Therefore, in the folloWing description, possible examples of 
embodiments of magneto-resistive memory cells Will be 
described. Magneto-resistive memory cells involve spin elec 
tronics, Which combines semiconductor technology and mag 
netics. The spin of an electron, rather than the charge, is used 
to indicate the presence of a “l” or “0”. One such spin elec 
tronic device is a magnetic random-access memory 
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(MRAM), Which includes conductive lines positioned per 
pendicular to one another in different metal layers, the con 
ductive lines sandWiching a magnetic stack. The place Where 
the conductive lines intersect is called a cross-point. A current 
?oWing through one of the conductive lines generates a mag 
netic ?eld around the conductive line and orients the magnetic 
polarity into a certain direction along the Wire or conductive 
line. A current ?oWing through the other conductive line 
induces the magnetic ?eld and can also partially turn the 
magnetic polarity. Digital information, represented as a “0” 
or “1” is stored in the alignment of magnetic moments. The 
resistance of the magnetic component depends on the 
moment’s alignment. The stored state is read from the ele 
ment by detecting the component’s resistive state. A memory 
cell may be constructed by placing the conductive lines and 
cross-points in a matrix structure or array having roWs and 
columns. 

[0080] FIG. 41 illustrates a perspective vieW of a MRAM 
device 4110 having bit lines 4112 located orthogonal to Word 
lines 4114 in adjacent metallization layers. Magnetic stacks 
4116 are positioned betWeen the bit lines 4112 and Word lines 
4114 adjacent and electrically coupled to bit lines 4112 and 
Word lines 4114. Magnetic stacks 4116 preferably include 
multiple layers, including a soft layer 4118, a tunnel layer 
4120, and a hard layer 4122, for example. Soft layer 4118 and 
hard layer 4122 preferably include a plurality of magnetic 
metal layers, for example, eight to tWelve layers of materials 
such as PtMn, CoFe, Ru, and NiFe, as examples. A logic state 
is storable in the soft layer 4118 of the magnetic stacks 4116 
located at the junction of the bitlines 4112 and Word lines 
4114 by running a current in the appropriate direction Within 
the bit lines 4112 and Word lines 4114 Which changes the 
resistance of the magnetic stacks 4116. 
[0081] In order to read the logic state stored in the soft layer 
4118 of the magnetic stack 4116, a schematic such as the one 
shoWn in FIG. 42, including a sense ampli?er (SA) 4230, is 
used to determine the logic state stored in an unknown 
memory cell MCu. A reference voltage UR is applied to one 
end of the unknoWn memory cell MCu. The other end of the 
unknoWn memory cell MCu is coupled to a measurement 
resistor RM. The other end of the measurement resistor Rml 
is coupled to ground. The current running through the 
unknoWn memory cell MCu is equal to current Ice”. A refer 
ence circuit 4232 supplies a reference current lrefthat is run 
into measurement resistor RM. The other end of the measure 
ment resistor Rm2 is coupled to ground, as shoWn. 

[0082] According to one embodiment of the present inven 
tion, the memory cells are phase changing memory cells. 
Therefore, in the folloWing description, possible examples of 
embodiments of phase changing memory cells Will be 
described. Phase changing memory cells include a phase 
changing material. The phase changing material can be 
sWitched betWeen at least tWo different crystallization states 
(i.e., the phase changing material may adopt at least tWo 
different degrees of crystallization), Wherein each crystalli 
zation state may be used to represent a memory state. When 
the number of possible crystallization states is tWo, the crys 
tallization state having a high degree of crystallization is also 
referred to as a “crystalline state”, Whereas the crystallization 
state having a loW degree of crystallization is also referred to 
as an “amorphous state”. Different crystallization states can 
be distinguished from each other by their differing electrical 
properties, and in particular by their different resistances. For 
example, a crystallization state having a high degree of crys 
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tallization (ordered atomic structure) generally has a loWer 
resistance than a crystallization state having a loW degree of 
crystallization (disordered atomic structure). For sake of sim 
plicity, it Will be assumed in the folloWing that the phase 
changing material can adopt tWo crystallization states (an 
“amorphous state” and a “crystalline state”), hoWever it Will 
be understood that additional intermediate states may also be 
used. 
[0083] Phase changing memory cells may change from the 
amorphous state to the crystalline state (and vice versa) due to 
temperature changes of the phase changing material. These 
temperature changes may be caused using different 
approaches. For example, a current may be driven through the 
phase changing material (or a voltage may be applied across 
the phase changing material). Alternatively, a current or a 
voltage may be fed to a resistive heater Which is disposed 
adjacent to the phase changing material. To determine the 
memory state of a resistivity changing memory cell, a sensing 
current may routed through the phase changing material (or a 
sensing voltage may be applied across the phase changing 
material), thereby sensing the resistivity of the resistivity 
changing memory cell, Which represents the memory state of 
the memory cell. 
[0084] FIG. 44 illustrates a cross-sectional vieW of an 
exemplary phase changing memory cell 4400 (active-in-via 
type). The phase changing memory cell 4400 includes a ?rst 
electrode 4402, a phase changing material 4404, a second 
electrode 4406, and an insulating material 4408. The phase 
changing material 4404 is laterally enclosed by the insulating 
material 4408. To use the phase changing memory cell, a 
selection device (not shoWn), such as a transistor, a diode, or 
another active device, may be coupled to the ?rst electrode 
4402 or to the second electrode 4406 to control the applica 
tion of a current or a voltage to the phase changing material 
4404 via the ?rst electrode 4402 and/or the second electrode 
4406. To set the phase changing material 4404 to the crystal 
line state, a current pulse and/or voltage pulse may be applied 
to the phase changing material 4404, Wherein the pulse 
parameters are chosen such that the phase changing material 
4404 is heated above its crystallization temperature, While 
keeping the temperature beloW the melting temperature of the 
phase changing material 4404. To set the phase changing 
material 4404 to the amorphous state, a current pulse and/or 
voltage pulse may be applied to the phase changing material 
4404, Wherein the pulse parameters are chosen such that the 
phase changing material 4404 is quickly heated above its 
melting temperature, and is quickly cooled. 
[0085] The phase changing material 4404 may include a 
variety of materials. According to one embodiment, the phase 
changing material 4404 may include or consist of a chalco 
genide alloy that includes one or more elements from group 
VI of the periodic table. According to another embodiment, 
the phase changing material 4404 may include or consist of a 
chalcogenide compound material, such as GeSbTe, SbTe, 
GeTe or AglnSbTe. According to a further embodiment, the 
phase changing material 4402 may include or consist of chal 
cogen free material, such as GeSb, GaSb, lnSb, or GeGalnSb. 
According to still another embodiment, the phase changing 
material 4404 may include or consist of any suitable material 
including one or more of the elements Ge, Sb, Te, Ga, Bi, Pb, 
Sn, Si, P, 0, As, In, Se, and S. 
[0086] According to one embodiment, at least one of the 
?rst electrode 4402 and the second electrode 4406 may 
include or consist of Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W, or 
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mixtures or alloys thereof. According to another embodi 
ment, at least one of the ?rst electrode 4402 and the second 
electrode 4406 may include or consist of Ti, V, Cr, Zr, Nb, Mo, 
Hf, Ta, W and tWo or more elements selected from the group 
consisting of B, C, N, 0, Al, Si, P, S, and/or mixtures and 
alloys thereof. Examples of such materials include TiCN, 
TlAlN, TiSiN, WiAIZO3 and CriAl2O3. 
[0087] FIG. 45 illustrates a block diagram of a memory 
device 4500 including a Write pulse generator 4502, a distri 
bution circuit 4504, phase changing memory cells 4506a, 
4506b, 4506c, 4506d (for example phase changing memory 
cells 4400 as shoWn in FIG. 44), and a sense ampli?er 4508. 
According to one embodiment, the Write pulse generator 
4502 generates current pulses or voltage pulses that are sup 
plied to the phase changing memory cells 4506a, 4506b, 
4506c, 4506d via the distribution circuit 4504, thereby pro 
gramming the memory states of the phase changing memory 
cells 4506a, 4506b, 4506c, 4506d. According to one embodi 
ment, the distribution circuit 4504 includes a plurality of 
transistors that supply direct current pulses or direct voltage 
pulses to the phase changing memory cells 4506a, 4506b, 
4506c, 4506d or to heaters being disposed adjacent to the 
phase changing memory cells 4506a, 4506b, 4506c, 4506d. 
[0088] As already indicated, the phase changing material of 
the phase changing memory cells 4506a, 4506b, 4506c, 
4506d may be changed from the amorphous state to the crys 
talline state (or vice versa) under the in?uence of a tempera 
ture change. More generally, the phase changing material 
may be changed from a ?rst degree of crystallization to a 
second degree of crystallization (or vice versa) under the 
in?uence of a temperature change. For example, a bit value 
“0” may be assigned to the ?rst (loW) degree of crystalliza 
tion, and a bit value “1” may be assigned to the second (high) 
degree of crystallization. Since different degrees of crystalli 
zation imply different electrical resistances, the sense ampli 
?er 4508 is capable of determining the memory state of one of 
the phase changing memory cells 4506a, 4506b, 45060, or 
4506d in dependence on the resistance of the phase changing 
material. 

[0089] To achieve high memory densities, the phase chang 
ing memory cells 4506a, 4506b, 4506c, 4506d may be 
capable of storing multiple bits of data, i.e., the phase chang 
ing material may be programmed to more than tWo resistance 
values. For example, if a phase changing memory cell 4506a, 
4506b, 4506c, 4506d is programmed to one ofthree possible 
resistance levels, 1.5 bits of data per memory cell can be 
stored. If the phase changing memory cell is programmed to 
one of four possible resistance levels, tWo bits of data per 
memory cell can be stored, and so on. 

[0090] The embodiment shoWn in FIG. 45 may also be 
applied in a similar manner to other types of resistivity chang 
ing memory cells like programmable metallization cells 
(PMCs), magento-resistive memory cells (e.g., MRAMs), 
organic memory cells (e.g., ORAMs), or transition metal 
oxide memory cells (TMOs). 
[0091] Another type of resistivity changing memory cell 
may be formed using carbon as a resistivity changing mate 
rial. Generally, amorphous carbon that is rich is sp3-hybrid 
ized carbon (i.e., tetrahedrally bonded carbon) has a high 
resistivity, While amorphous carbon that is rich in sp2-hybrid 
ized carbon (i.e., trigonally bonded carbon) has a loW resis 
tivity. This difference in resistivity can be used in a resistivity 
changing memory cell. 
















